The present study reports the synthesis of silver nanoparticles (AgNPs) from silver precursor using banana stem extract (BSE) as a plant biomaterial.
Introduction
In the past decade, biological systems of microbial and plant origin have provided eco-friendly methods of nanoparticle (NP) synthesis [1] [2] [3] [4] . Bio-inspired techniques often lead to the fabrication of nanostructures that are uniform in size and shape [5] . Compare to microbes, plant mediated biological synthesis of metal nanoparticles provides a promising eco-friendly alternative for realizing large quantities of nanomaterials, as it does not involve harmful chemicals, eliminates the elaborate process of maintaining cell cultures, easy to recovery of products and also exhibits a dual nature such as capping and reducing at one go [6, 7] . Thus phyto-inspired synthetic procedures have become popular and a search for plant extracts with reducing (anti-oxidant) properties mediating such reactions continues [8] . Gardea-Torresdey et al. initially reported the possibility of using plant materials for the synthesis of nano-scale metals [9, 10] . Later, the bioreduction of various metals to nano-size of various shapes, capable of meeting the requirements of diverse industrial applications, was extensively studied [11] [12] [13] . In addition, Huang et al. demonstrated the prospect of using sun dried, Cinnamon camphora leaf for the synthesis of the nano-sized Ag and Au noble metals at ambient conditions, without any additive protecting nanoparticles from aggregating, template-shaping nanoparticles or accelerants like ammonia [14] . Recently, plant materials such leaf [15] , fruit [16] , bark [17] , fruit peels [18] , root [19] , leaf [20] , and callus [21] have been studied in this direction more exclusively. The methods using plant extracts involve phytochemicals such as terpenoids, flavonoids, phenol derivatives, plant enzymes (hydrogenases, reductases) and their derivatives, di-hydric phenols and so on, act as a reductant in the presence of metal salt. The above evidences state the dependency of source, structure and type of phenolic phytochemical on different sized nanoparticles formation [22] .
In this paper, we discuss the biosynthesis of silver nanoparticles (AgNPs) using commercially economic and abundantly available banana stem as the biomaterial. Phytochemicals studies on banana stem extract (BSE) showed the presence of flavonoids, polyphenols and their derivatives which are largely responsible for antioxidant and free radical-scavenging properties [23] . However, till date, there have been no reports on the synthesis of AgNPs using BSE. The formation and growth of the nanoparticles was monitored with the help of absorption spectroscopy, while their shape, size and morphologies were determined by scanning electron microscopy (SEM).
Material and methods

Preparation of aqueous BSE
The healthy stem of banana was collected from the local market at Tambaram, Chennai, washed thoroughly to remove any impurities. Aqueous BSE was prepared by boiling 10 g of freshly cut stem pieces in 100 mL of distilled water at 60 o C for 8 min. The extracts were filtered through a nylon mesh (0.2 µm) and followed by Whatman No. 1 filter paper. The filtered extract was stored at 4 o C for further studies.
Synthesis of AgNPs
Silver nitrate (AgNO 3 ) was purchased from Hi Media Lab. Pvt. Ltd., India. In a typical reaction procedure, 0.250 mL of stem extract was added to 9 mL of 2 mM aqueous silver nitrate solution, the mixture was heated at 60 o C for 20 min and the resulting solution became brown in colour after 30 min. The aqueous BSE and AgNO 3 solution were used as controls throughout the experiment.
UV-vis spectra analysis
The biosynthesis of AgNPs was monitored periodically in a UV-vis spectrophotometer. For the analysis, 1 mL of the sample in a cuvette and was diluted to 2 mL with deionized water. The UV-vis spectra of the resulting diluents were monitored as a function of reaction time at a resolution of 1 nm from 300 to 800 nm. UV-vis spectra showed strong Surface Plasmon Resonance band at 425 nm and thus indicating the formation of AgNPs.
Characterization of AgNPs
The AgNPs formed in the reaction solution were recovered by centrifugation at 18,000 rpm for 20 min, and their pellets were redispersed in sterile distilled water to get rid of any uncoordinated biological molecules. The centrifugation and redispersion in sterile distilled water was repeated three times to ensure better separation of free entities from the AgNPs. Finally purified suspension of the AgNPs was dried in hot air oven at 250 o C for 2 h and used for FE-SEM, EDS and XRD studies. To identify the biomolecules present in the BSE and within the synthesized AgNPs, lyophilized sample of the same were subjected to FTIR spectroscopy in the diffuse reflectance mode at a resolution of 4 cm −1 in KBr pellets.
Antifungal activity of biosynthesized AgNPs
Various pathogenic fungal strains of Candida albicans, Aspergillus niger and Alternaria alternata were obtained from SRM medical college hospital and research centre, Kattankulathur, Chennai. The antifungal activity of AgNPs was investigated by the standard Kirby-Bauer disc diffusion assay method against the fungal strain. The fungal suspension of 48 h grown strains was swabbed on Potato Dextrose Agar (PDA) plates using sterile cotton swab. Double sterilized paper disc (6 mm diameter) was placed on PDA plates and then the AgNPs (25, 50, 75 and 100 µg mL −1 ) concentration was loaded into each disc. The plates were incubated at 28 o C for 48 h. After the incubation period, the zone of inhibition was determined by measuring the diameter by using Hi Media antibiotic zone scale.
Results and discussion
AgNPs can form within 30 min and spectra of reaction solutions were recorded after 0, 1, 3, 5 and 7 h consecutively. The spectra showed that there was an increase in the intensity of absorbance as the concentration of AgNPs increased with the reaction time (Fig. 1a) . The strong resonance centered at 425 nm was monitored; it might be due to the excitation of longitudinal plasmon vibrations of the anisotropic AgNPs present in the solution. The results were in accordance with the report of Naik et al. [24] . The BSE without addition of the AgNO 3 was used as a control and showed a peak at 220 and 280 nm (Fig. 1b) . The strong absorption peak located at 220 nm is due to the reducing protein molecules present in the BSE and at 280 nm indicated the presence of tyrosine, tryptophan and/or phenylalanine residues in the proteins which are known to interact with silver ions, respectively [25] .
The major factor responsible for the biological reduction of Ag + to Ag present in the BSE was identified using FTIR spectroscopy. The IR spectrum of BSE alone showed the presence of distinct peaks in the range of 1067, 1225, 1381, 1633, 2923 and 3416 cm −1 (Fig. 2a) . The strong intense peak located at around 1381 cm −1 could be assigned for carboxyl groups. The medium bands appeared at 1067 cm −1 and 1633 cm −1 are due to fatty acid and flavanone respectively [26] . The weak absorption peaks centered at 1225 and 2923 cm −1 are attributed to amide band of proteins and carboxylic acids [27, 28] present in the stem extract. In addition, there was a broad peak located at 3416 cm −1 , which could be assigned to the O-H stretching vibrations, indicating the presence of alcohols and phenols [28] . Further the FTIR spectrum of AgNPs showed the distinct peak in the range of 1056, 1225, 1382, 1604, 2927 and 3420 cm −1 (Fig.  2b) . The comparison of FTIR spectrum between the stem extract and AgNPs showed only minor changes in the position as well as the absorption bands. From the result it understood that some proteins and metabolites such as flavanones, polyphenols etc. present in the BSE might be responsible for the reduction and capping of AgNPs. (Fig.  3) , which correspond to crystal facets of (111), (200), (220) and (311) were also found along with the characteristic peaks. These Bragg peaks might have resulted due to the capping agent present in the nanoparticles. Independent crystallization of the capping agents was ruled out due to the process of centrifugation and redispersion of the pellet in millipore water after nanoparticle formation as part of purification process. Therefore XRD results also suggest that crystallization of the bioorganic phase occurs on the surface of the AgNPs or vice versa [29, 30] . Generally, the broadening of peaks in the XRD pattern of solid is attributed to particle size effect. Broader peaks signify smaller particle size and reflect the effects due to experimental conditions on the nucleation and growth of the crystal nuclei [31] .
The size and morphology of the AgNPs were characterized by FE-SEM. Fig. 4 images showed variable size ranging from 75.50 nm to 1.22 µm of truncated octahedron, rhomb-dodecahedron, cubic, octahedron and octagon structure of AgNPs indicating that AgNPs have a high tendency to self-assemble into two-or threedimentional super lattice structures. Further close view of FE-SEM images showed the superlattice structures of AgNPs; irregularly shaped 3D superlattice structures with clearly defined edges were observed, and the domain size of the superlattice structures could reach up to several micrometers. According to the Wolff's rule, the crystals try to assume a shape of least surface free energy at thermodynamic equilibrium. Therefore, formations of truncated octahedron, rhomb-dodecahedron, cubic, octahedron and octagon structures are thermodynamically favoured at nucleation stage and initial growth stage when the particle sizes are not very large [32] [33] [34] . EDX spectroscopy results confirmed the significant presence of metal silver. The optical absorption peak was observed approximately at 3 keV shown in Fig. 5 , which is typical for the absorption of metallic silver nanocrystallites due to Surface Plasmon Resonance. Along with this, weak chloride peaks due to the presence of chloride ions that might present in the plant extract were also found.
AgNPs are known to be a highly reactive species due to their extremely large surface area and can exhibit potent antimicrobial activity. A similar observation was made here with the AgNPs produced by BSE to have antifungal activity against the pathogenic fungi of C. albicans, A. niger and A. alternata. The present result showed that the antifungal activity was more pronounced to A. niger than C. albicans and A. alternata and the maximum zone of inhibition with diameter of 13.30 mm was recorded in respect of A. niger [ Fig. 6 ]. Antifungal activity however, was not significantly observed against C. albicans and A. alternata when treated with low (25 and 50 µg mL −1 ) concentration of AgNPs. According to Dorau et al. the antifungal activity is due to the formation of insoluble compounds by inactivation of sulfhydryl groups in the fungal cell wall and disruption of membrane bound enzymes and lipids which causes cell lysis [35] . Previously, Kim et al. revealed that the interaction between nanosilver and the membrane structure of C. albicans cells during nano-Ag exposure results in changes in the membranes of C. albicans, which can be observed as the "pits" on the membrane surfaces and finally the formation of pores subsequent cell death [36] .
Conclusion
Biosynthesis of AgNps using BSE was demonstrated to be a simple, low-cost and non-toxic method. The study proved that the stem extract is capable of producing truncated octahedron, rhomb-dodecahedron, cubic, octahedron, and octagon structure of AgNPs at 60
• C without using any templates, additives or accelerants. Phytochemical such as flavanones and polyphenols present in the plant material were mainly responsible for the reduction of Ag + ions to nanosized silver particles. The nanoparticles are found to be highly crystalline as evidenced by the peaks in the XRD pattern corresponding to Bragg reflections from the (111), (200), (220), (311) and (222) planes of the fcc structure. The antifungal activity of biologically synthesized AgNPs was evaluated against C. albicans, A. niger and A. alternata showing effective antifungal activity.
